 The first scenario proves a reduction in fossil fuel consumption as a result of renewable energy integration.
Introduction

Social Carbon Cost (SCC) estimation methods
The Social Carbon Cost (SCC) is an estimate of the monetized damages caused by a one-ton increase in greenhouse gas (GHG) emissions in a given year. The monetization of CO 2 impact is important for determining suitable climate policies. Carbon pricing based on the social cost provides the appropriate economic incentive for decreasing the level of current CO 2 emissions (Nordhaus, 2017) . The main tools for calculation of the SCC are called Integrated Assessment Models (IAMs). IAMs include a method for putting into a framework of economic growth the anticipated climate impacts of CO 2 emissions.
The SCC is calculated approximately as the difference between current and future Gross Domestic Product (GDP) as affected by damage resulting from CO 2 emissions, discounted back to the current time (Havranek et al., 2015) . There are three common models, which are (1) Dynamic Integrated Climate and Economy (DICE) developed by William Nordhaus (Paterson and Nordhaus, 2009 ), (2) Climate Framework for Uncertainty, Negotiation, and Distribution (FUND) developed by Richard Tol (Tol, 2002) (Tol, 2002a (Tol, , 2002b and (3) Policy Analysis of the Greenhouse Effect (PAGE) developed by Chris Hope (Hope, 2008) . Through different techniques, each model determines how climate effects result in economic damage. Currently, there are a few IAMs that are available for assessing the causes and impacts of climate change and could therefore be used to estimate an internally-consistent SCC.
The DICE model is one of the main IAMs applied by governments and scholars for calculating the SCC (Nordhaus, 2014; National Academies of Sciences, Engineering, and Medicine, 2016) . The efficacy of the IAM approach has been assessed in many studies (Hope, 2008; Nordhaus, 2014; Weyant, de la Chesnaye, Francisco C and Blanford, 2006) and these reveal that a higher sensitivity to climate, a higher estimation of damage from a given temperature change and a lower value discount rate would lead to a higher estimated SCC.
IAMs have been used to derive an analytical formula for the SCC, based on particular assumptions such as the utility logarithm and the exponential relationship between atmospheric CO 2 and damage arising from climate change (Golosov et al., 2014 ).
Present and future values of SCC
The quantity of CO 2 released varies between countries depending on their economic growth and the types of energy used to power their economies. Generally, the price of CO 2 emissions has be set at a low level to date (Whitmore, 2017) . Figure 1 below shows carbon prices against carbon tax levels (purple) and emission trading schemes (green) for different countries across the world. The dollar figure can be defined as 'the avoided damage due to the reduction'. 
Overview of SCC of Middle East and North African countries
The Middle East and North African (MENA) is one of the highest CO 2 -emmitting regions of the world due to the dominant role of its oil and gas industry (Al-mulali, 2011) plus the rise in modern lifestyles of its people. By the year 2000, the MENA region had developed to the point of having the largest carbon footprint per capita in the world. For example, in 2013 the carbon footprint per capita in the UAE was 18.8 tonnes whereas 7.1 tonnes was the share per capita in the United Kingdom (The World Bank, 2017) . Due to the fast growth of the O&G industry, some MENA countries have considered introducing policies to reduce the emissions, one of which might be the creation of a carbon trading CO 2 mechanism to incentivise countries to reduce GHG emissions. The carbon market could be linked with the deployment of renewable energy (RE) generation and the development of the RE industry in the MENA region, which faces multiple challenges (El-Katiri, 2014; Hadjipanayi et al., 2016) such as: 1-Lack of RE institutions and an absence of coordination between them 2-Political instability, which may deter investment an RE industry in the region 3-Insufficient financial incentives 4-Technological obstacles such as grid weakness 5-A low level of awareness among both customers and decision-makers about the potential economic benefits of an indigenous RE industry
Carbon dioxide (CO ) emissions and their impact in Libya
The current global trend towards reducing GHG emissions, both in terms of current and future energy generation (Le Quéré et al., 2009; UNFCCC, 2014) , is based on strong scientific assertions about the effects of a rapidly changing climate that will put considerable strain on environmental, social and economic sustainability. Experts currently warn of the risk of worldwide climate change in due to human-induced GHG emissions, mainly from the use of fossil fuels. The United Nations Framework Convention on Climate Change (UNFCCC) adopted the Kyoto Protocol in 1997, which was signed by 84 states, under which major industrialised countries must limit their greenhouse emissions to 1990 levels or lower (UNFCCC, 2014 (Watkins, 2007) . Furthermore, the same report indicated that Libya was responsible for 0.2% of international carbon emissions, which equates to around 9.3 tons of CO 2 per person (Watkins, 2007) . In terms of various international environmental conventions, Libya has signed and ratified numerous agreements such as the Vienna Convention in 1990, the United Nations Framework Convention on Climate Change in 1999 and the Kyoto Protocol in 2006 as a NonAnnex I party (Watkins, 2007; UNFCCC, 2014) . Therefore, Libya has the opportunity to implement carbon emissions reduction policies such as an emissions trading mechanism. Welldefined emission-reduction policies and environmental regulations are key to mitigating the challenge of climate change. Libya is the world's 11 th largest oil producer (Pratten and Abdulhamid Mashat, 2009 ) and, as a consequence of rising petroleum production and the associated revenues (accounting for about 95% of export earnings and contributing more than 54% of its GDP), Libya has seen a significant increase in GHG emissions, particularly CO 2 , (Elhage et al., 2005) . Oil and cement manufacturing are the major contributors to GHG emissions in Libya, which like most other countries that have seen significant increase in their greenhouse emissions, can be related to both economic and industrial growth. High levels of urbanisation also contribute in this regard in the larger urban centres in Northern Africa. However, Libya has seen the highest per-capita increase in CO 2 emissions by comparison to neighboring countries, including CO 2 produced from the consumption of solid, liquid, and gaseous fuels and gas flaring (Mohammed, 2010) . The main sources of air pollution in Libya are related to the use of petroleum derivatives as fuels in many manufacturing, industrial and transport fields (Abdul-Hakim, 2006) . CO 2 mostly originates from the burning of various fuels by the power production sector (38%), the transport sector (20%) and industry (8%), with other sectors representing the remaining 34% (R. Zaroug, 2012; Lawgali, 2008) . Various harmful or hazardous gases are released from oil fields and refineries ( primarily, carbons, hydrocarbons, sulphur and nitrogen oxides),and these also adversely affect the surrounding residential and maritime areas. In 2003, petroleum was responsible for more than 60% of Libya's CO 2 emissions, with natural gas accounting for the remaining 40% (Ramelli et al., 2006; R.Zaroug, 2012) . In 2010, two thirds of electricity in the world was produced from burning fossil fuels and, in the same year, Libya produced about 60 million tons (Mt) of CO 2 , compared with 50 million tons (Mt) in 2002. Libya's energy-related CO 2 emissions rose by more than 78%, from less than 18.7 million tons of oil equivalent (Mtoe) in 1980 to about 50 Mtoe in 2003. This was mainly because of increasing demand for power (Ekhlat, Salah and Kreama, 2007) . The amount of emissions per unit energy varies depending on the fuel type (i.e., coal, oil or natural gas) and therefore, the move towards the increased use of natural gas should ultimately help to significantly lower CO 2 emissions (Mohammed, 2010) . Because of increasing energy demand, CO 2 emissions are expected to more than double in coming years, reaching around 104 Mt in 2030 (Mohamed, 2016) . The annual average growth in emissions is determined to be 3.3% over the outlook period.
However, this is lower than the original forecast (3.6% growth in demand) due to the move towards gas-fired power stations. The daily data recorded for CO 2 emissions includes fuel intake and energy production from various generators, particularly combined cycle units, which account for about 37% of the total electricity produced in the Libyan network (Khalil et al., 2009; Mohamed, 2016) .
Renewable energy integration scenario for Libya
In this paper, the RE resource is based on wind data for Darnah city since some wind power projects are already installed in that area. Darnah is a small city in the eastern coastal region of Libya (32°46′ N, 22°38′ E) (Wetterdienst, 2014) . This case-study location sees favorable wind speeds of 8.0 -8.5m/s based on the data taken from the Renewable Energy Authority of Libya (REAOL)(R. Zaroug, 2012) . Wind speed and solar irradiance levels at Green Mountain, which is relatively nearby, are used as data for this research, but energy and fuel consumption data are those applicable to Darnah city. Since temporary RE power surpluses would be converted into hydrogen that can be used instead of fossil fuels, consumption levels will be estimated on the basis of fossil fuel demand in Darnah. This process is more easily demonstrated in Figure 3 . 
Estimation of hydrogen demand in Darnah
There are assumed to be six Hydrogen Refuelling Stations (HRSs) across the city with heavy daily fuel consumption, estimated on average at 6787.247 liters/day, 9681.243 liters/day, 20263.316 liters/day, 12429.996 liters/day, 33216.344 liters/day, and 16827.954 liters/day for HRSs 1 to 6, respectively. Because of the absence to date of an extensive hydrogen market, the hydrogen demand calculation cannot be computed with a great accuracy. Estimations of hydrogen consumption are therefore based on current fossil fuel consumption (Dagdougui, Ouammi and Sacile, 2012; Greiner, KorpÅs and Holen, 2007) . Lower and higher heating values and the conversion efficiencies of hydrogen and fossil fuel engines were used to calculate associated hydrogen consumption, as per Equation (1). engine (40 -60%). Figure 6 below shows the total yearly demand for HRSs 1 to 6.
Only 20% of estimated fuel demand will be met by hydrogen, as the amount that can be produced from surplus energy in this scenario (6% RE penetration) is not sufficient to meet the total demand.
The RE system sizing, surplus energy extraction and hydrogen demand estimation were previously discussed in detail by the authors (Rahil, Gammon and Brown, 2017; .
MATLAB software has been used to simulate the extraction of surplus energy.
Flexible Hydrogen production based on surplus energy availability
Different scenarios have been investigated in order to examine how the following objectives might be satisfied:
1-The majority of temporary power surpluses must be consumed (at least 90%) to support grid balancing and thus increase the potential for penetration of RE resources into the Libyan grid.
2-As far as possible, hydrogen demand at the forecourt must be met without interruption.
3-The hydrogen sale price (which depends upon production cost) should be competitive with that of fossil fuels.
In this paper, a range of system configurations are assessed under two different cost assumption scenarios: one being a 2015-Cost scenario and the other a 2030-Cost scenario. In all cases, the electrolysers are assumed to be of the alkaline type, located onsite at the HRSs and, in certain cases, there is also a central offsite electrolyser in addition to these. This gives rise to a range of scenarios, as set out in table 3 and table 4 More details about the hydrogen production scenarios can be found in the Appendix.
The storage tank is one of the most expensive components of the HRS systems. Since all scenarios are running only during off-peak times, the storage should be designed based on times of hydrogen shortage without surplus power in order to absorb as much power as possible, and thus allow for the sale of hydrogen at times of power shortage. The storage size is taken as four times the capacity of each electrolyser, because there are frequently four consecutive days without any surplus power during the year. As well as equipment sizes, the electricity trading mechanism is key to the success of the whole system, hence the scenarios also compare the effect of the allowing central electrolyser to purchase power at a preferential tariff in contrast with it paying the same settlement price as the HRSs.
Potential economic benefits of previous scenarios through CO 2 reduction
Regardless of the environmental benefits that can be achieved when RE sources are integrated into energy systems or hydrogen is used as a replacement for fossil fuel, the economic performance is critical to any project. So, given the importance of achieving commercial viability, the economic benefits of deploying of RE will be assessed.
Economic benefits can be determined in different ways depending on the intention of the government and how the benefits are monetised. In other words, if the target is to reduce CO 2 emissions, some fossil fuel production must be cut and replaced by RE sources and hydrogen.
There are also 'external costs' arising from the use of fossil fuels, which include the cost of dealing with negative environmental and health effects. The use of CO 2 taxes is a way of internalising external cost.
The economic benefits of this scenario can be obtained by the introduction of the CO 2 -based taxes.
Another option is to maintain oil production at the same rate as before RE deployment so that, rather than being used for local consumption (which can now be partly served by RE), it can be used to increase oil export levels, which in turn will lead to an increase in income, but with the same levels of CO 2 emission. The scenarios in this study are used to assess the potential environmental and economic benefits under two fossil fuel production regimes. In the first (Section 7.1), the introduction of RE into the electricity system allows a reduction in fossil fuel consumption and so production is curtailed accordingly with the intention of lowering the country's overall GHG emissons. In the second case (Section 7.2), RE still displaces much of the fuel use in the local electricity system, but instead of cutting back fossil fuel production accordingly, it is kept at the same level so that there is more available for export. In this way, net CO 2 emissions remain the same (albeit exported to the countries that purchase the oil or gas), but income from exports increases.
CO 2 emission reduction and associated benefits (reduction in fossil use due to renewable energy integration into the grid)
In this case, there are two components that need to be calculated, namely those of the energy injected to the grid and used to meet demand, and the surplus energy that is exploited to produce hydrogen. The calculation will be based on the fossil fuel reduction when the hydrogen is used as a substitute. Figure 7 below explains the CO 2 reduction process. The cost of any CO 2 produced differs between countries. In the UK, this cost will increase to £116.05/t CO 2 e by 2030 (UK Government, 2016). It is straightforward to calculate the total energy consumed since the RE generation and energy surpluses are known
Total consumed energy =143, 488=95, 993 MWh Based on the General Electricity Company Of Libya (GECOL), the Libyan emission factor is 0.8843 in 2012 (Zaroug, 2012) . So, the total emissions from energy sources that t CO 2 /MWh CO 2 will be replaced by RE can be calculated by Equation (3). 
The social cost of carbon ( ) in Libya seems to be ambiguous and difficult to estimate and so SCC assumptions are applied for 2015 and 2030 prices based on prices in the UK (Litterman, 2013) . In this paper, the current SCC is small at nearly $10/t CO 2 (£7.76/t CO 2 in 2015, while a future price of between $100 and $200 is assumed at $150/t CO 2 (£116.42/t CO 2 ) in 2030, as based on 2017 exchange rates (Litterman, 2013) .
Assuming these prices, the monetary savings that can be achieved through using RE in the electricity sector can be computed as follows: The future monetary saving is promising, and could well encourage many companies and states to reduce their emissions, in contrast with the low savings that are currently possible.
The cost reduction due to the use of hydrogen as a fuel instead of fossil fuels will be calculated in all scenarios under the 2015-and 2030-Cost assumption scenarios above. Due to difficulties in determining Libya's CO 2 emissions, the latest available information from the UK will be applied (UK Government, 2016).
Based on this information, burning 1 ton of fossil fuel (mainly diesel) will produce around 3,108.5??g CO 2 ??. Meeting hydrogen demand in each scenario represents an equivalent fossil fuel reduction, and thus, the cost can be calculated for the current and future SCC. The calculation steps are presented in Figure 8 . 
Export crude oil instead of curtailing production
The total energy consumed via the electricity sector and the production of hydrogen fuel is equal to the energy that could be exported as a fuel. Two cost scenarios 2015 and 2030 are investigated in this paper. The current fuel prices are 69.69 LD/barrel (£34.85/barrel) of oil and, for barrel of oil equivalent (boe) of natural gas, the price was 21.17 LD (£11.61) in 2015 (Agha and Zaed, 2013; Bloomberg, 2017) . In Libya, the power sector is fuelled by a combination of oil and natural gas resources. Based on the renewable GECOL reports in 2012, the total fuel consumption by the electricity sector was 10,197 thousand tonnes of oil equivalent (toe). Of this, 65% is supplied by natural gas, 23% from light fuel oil and 12% from heavy fuel oil (Agha and Zaed, 2013; GECOL, 2012) .
Fuel savings made by substitution with RE in the electricity network would enable an equivalent amount of energy to be exported that -based on the fuel consumption figures for Libya's energy sector -would consist of 65% natural gas (NG) and 35% oil. Emissions arising from the extraction process of natural gas and oil should be calculated and subtracted from the revenue generated by sales of fuel. The general formula to calculate the profit resulting from RE deployment, plus the sale of fuel, is given below.
Where is from sales of fuel, is the monetary saving due to CO 2 reductions resulting .
E.r CO2
from RE generation, is the monetary saving due to CO 2 reductions in fuel use and F.r 2 E.c CO2
are costs due to CO 2 emissions from oil and natural gas extraction. The world average of CO 2 emission intensity for oil and gas extraction is (Gavenas, Rosendahl and 130 kg CO2/toe Skjerpen, 2015) . Equation (8) shows the calculation of revenue form fuel sales.
and are the exported amount of natural gas and oil wheres and NG_export Oil_export NG_price are the natural gas and oil price. and are calculated where, in the previous Oil_price E.r 2 F.r 2 case, oil production is curtailed in response to RE generation, whereas can be calculated . 2 viaEquation (9).
E.c CO2 = CO 2 _emissions × SCC
This scenario is clearly better than the previous scenario from an economic perspective because more money will be earned from selling the oil and natural gas. The effect of the carbon tax credit is very low due to SCC having low values. Recent studies and reports (Lee and Huh, 2017; eia, 2017; eia, 2016) suggest that future oil prices will be higher than current prices. They are anticipated to fluctuate between $111 and $131/Bbl, where oil is assumed to be $121/Bbl , whereas the future price for natural gas is likely to be lower at between and ≈ £93.65/Bbl $5 (eia, 2017; eia, 2016) . $6 /million Btu ≈ £4.266 /million Btu
Results and discussion
Various scenarios for hydrogen production have been investigated. The first explored the use of an electrolyser at each HRS, where the amount of surplus energy absorbed, the level of satisfaction of hydrogen demand and the average hydrogen price were investigated. Then the electrolysers and hydrogen storage capacities were increased to address the weaknesses of this first scenario. Next, a very large central electrolyser was added to cover the shortfall in absorption of energy surpluses by the HRSs and the shortages in meeting hydrogen demand. Two modes of operation were tested for the central electrolyser in which it either paid the same settlement price for its electricity consumption as the HRSs, or it had its own preferential tariff. The details of these entire scenarios are summarised and presented in the supplementary documents in the Appendix. A summary of CO 2 reduction and monetary savings from electrolyser deployment under the 2015-Cost scenario is presented in Table 3 . In this scenario, the total savings from fuel and energy reduction does not represent any real incentive for governments to reduce emissions on a purely economic basis, because the SCC is relatively low. However, in the future scenario, the SCC will be considerably higher in order to enhance renewable energy penetration. Table 4 Table 5 and Table 6 , respectively. Again, the SCC is low in this 2015 and does little to encourage governments to reduce emissions from a purely economic perspective. Generally, each iteration of the scenario represents an adjustment that aims to tackle the weaknesses of the previous one. For example, the revenue when the system size is doubled is £755,981/year, which is higher than the default size (at £736,949/year). This is due to an increase in the amount of surplus energy absorbed, which produces more hydrogen and consequently leads to greater CO 2 reduction. The case is the same in the following scenario, as given in Table 3 .
Average hydrogen prices in the 2015-Cost scenario are relatively expensive, especially when the system size is increased or when a central electrolyser is added to the system. However, the average hydrogen cost is not taken into consideration in this paper, because the work is focussed on the impact of reducing CO 2 on the basis of current and future values of the SCC.
In the future scenarios, all studies and reports anticipate higher values of SCC, as presented in Table 1 for the UK and Table 2 for the United States. The rise of energy consumption in the electricity and fuel sectors is ignored in order to determine the difference between 2015 and 2030 for a given level of energy consumption.
Since energy demand is assumed to be the same for all scenarios, the cost of RE consumption for the electricity sector is one value for all 2015-Cost scenarios and another value for all 2030-Cost scenarios. Only when surplus energy extracted and hydrogen production is involved are the costs affected.
The revenue in 2030 is clearly higher than in the 2015-Cost scenarios due to the large difference between the SCC values. For instance, in scenarios with no central electrolyser, the total revenue dramatically increased from £736,949/year in 2015 to £11,160,837/year in 2030. However, the most important comparison is between the current scenario and the one that focusses on exporting oil and natural gas as a main source of income.
The second option is to export the extra oil and gas that is made available by the penetration of renewables into the domestic market, instead of reducing production in response to it. This option has a clear economic benefit as the producer will earn more from the additional fossil fuel exports.
This scenario is clearly better than the previous scenario from an economic perspective, but the effect of carbon tax credit is very low due to the SCC having low values. Table 7 shows the 2015-
Cost scenarios and Even with the currently low price of oil ( and natural gas (£11.61/boe), the ≈ £34.85/barrel) option of increasing exports is considerably better than the option of reducing production. This is due to the low value of the SCC in 2015 (£7.76 ).
/ tCO2
The emissions resulting from the additional oil and natural gas production and their export are considered penalties, which have to be paid by the government. Even so, the revenue under all such scenarios is higher than the reduced production option. As shown in Figure 8 , the difference is considerable, and it would seem difficult to encourage the government to stop producing oil and making money from a reduction in CO 2 penalties instead. increase will lead to greater benefits under both production and export scenarios, with greater financial savings in the second (increased export) scenario. Figure 10 below shows the comparison between these scenarios for all operational modes under the 2030-Cost forecasting for SCC. Other factors could enhance the situation that are not considered in 2030-Cost scenario, such as further rapid reductions in the cost of wind and solar power production (£/kWh) and potential worldwide agreements to reduce GHG emissions and reduce dependency of fossil fuels. In addition, many oil-rich countries could progress to becoming non-fossil energy suppliers in order to maintain the quality of life for coming generations, since they are well-placed to eventually become RE exporters. 
2030-Cost scenario Cost
Scenario
Conclusion
This paper focused on the economic benefits that can be derived from the uptake of renewable energy (RE) resources and consequent CO 2 emission reductions. In this study, the renewable energy is produced from wind turbines and photovoltaics (PV) to meet the consumption of the Green Mountain region of Libya, which represents 6% of the country's total energy demand. The sizing of the RE generators is based on the average electricity demand in this area. Due to the stochastic nature of renewable energy output and frequent mismatches between supply and demand, this study explores how temporary surpluses of energy can be absorbed by electrolysers to produce hydrogen. This is used as a 'clean' fuel that is dispensed to cars, powered by of fuel cells, (whose number is based on today's fleet) at six hydrogen refueling stations (HRSs) across the coastal city of Darnah.
The social carbon cost (SCC) of 2015 and 2030 were used in this paper, as were the expected oil and natural gas prices for the same dates. Using a range of scenarios, two main options were evaluated for the potential economic benefits of RE deployment where the responsive demand capability of electrolysers is used to mitigate the variability of renewable power output. The first option is to reduce fossil fuel production because its consumption within Libya is reduced by the integration of RE into the electricity supply network. The economic benefit here is derived from the reduction of CO 2 emissions in both electricity and transport sectors. The second option is to continue producing fossil fuels at the same level, despite RE deployment, which leads to more being available for export and therefore higher trade revenues.
Under 2015-Costs and prices, the second option (producing the same amount and exporting more fossil fuel) is preferable, from an economic viewpoint, compared with reducing fossil fuel production to reflect the reduced consumption arising from RE penetration into the Libyan market.
In all cases, the first option makes less money, and does so by a considerable margin. The revenue raised when production is adjusted downwards in response to reduced domestic consumption is only 39% of that derived by maintaining the same levels of production and exporting the resulting surplus.
By 2030, the margin is much less, according to estimates in the literature for the SCC in that year.
The first option (reducing production) is closer to being competitive with the second (increasing exports) as revenues represent nearly 82% of those achieved under the latter, despite the expectation of higher fossil fuel prices in 2030.
Global trends towards reducing GHG emissions and rapidly falling RE technology prices point to the inevitability of higher penetrations of renewables into energy systems. Today's oil-exporting countries should therefore respond to the steps taken by oil-importing countries to increasingly integrate renewables by trying to become RE exporters rather than remaining simply fossil fuel exporters. Some oil-exporters, like Libya, are in a strong position to eventually become major renewable energy producers. Libya's location and climate offer the promise of being able to produce and export renewable energy to Europe in the future. Exploiting the demand-shaping capability of electrolysis, the production of hydrogen offers a grid-balancing tool, plus a source of emission-free fuel to be used locally potentially exported via pipeline. These steps would reduce CO 2 emissions while increasing monetary income due to the high value of SCC that is anticipated in the future.
This study was focused on a specific region of Libya, but using wider data sources, it could be extended to include the whole country and used to guide government policy in ways that would support a renewable energy industry in the country as it emerges from its current political turmoil and embarks on a stable and sustainable future.
The main limitations to this study arose from the shortage of data available for Libya, particularly weather and energy demand data. Also, some information was out of date, such as the emissions data collected from the most recent report of the General Electricity Company of Libya (GECOL), which was published in 2012. Another obstacle was the lack of awareness and understanding of the SCC concept, even among officials, which hampered the gathering of accurate information that could have given clearer results. 
Scenario 2
Using 2015-Cost assumptions, electrolysers of double the default capacity are located onsite at HRSs and there is no central electrolyser. The default capacity hydrogen is assumed for stores at each HRS. In this scenario, the size of electrolysers (and therefore compressors) is twice that of Scenario 1 and the new cost of these components is taken into account. The economic assessment and average hydrogen cost for Scenario 2 are presented in Table A .2. 
Scenarios 10, 11, 12 and 13
Using 2015-Cost assumptions, the capacity of the central electrolyser varies the same as in Scenarios 6 to 9, above. However, in this case (Scenarios 10 to 13), the central electrolyser is subject to the same electricity settlement price as the HRSs. 
Scenario 14
This is the same as Scenario 1, but uses 2030-Cost assumptions instead. Electrolysers are located onsite at HRSs and there is no central electrolyser. Equipment capacities in this scenario are the default for electrolyser and storage sizes at the HRS. Table A.6 presents a summary of this scenario. 
